This paper investigates the shape recovery behavior of thermoset styrene-based shape-memory polymer composite (SMPC) reinforced by carbon fiber fabrics, and demonstrates the feasibility of using an SMPC hinge as a deployable structure. The major advantages of shape-memory polymers (SMPs) are their extremely high recovery strain, low density and low cost. However, relatively low modulus and low strength are their intrinsic drawbacks. A fiber reinforced SMPC which may overcome the above-mentioned disadvantages is studied here. The investigation was conducted by three types of test, namely dynamic mechanical analysis (DMA), a shape recovery test, and optical microscopic observations of the deformation mechanism for an SMPC specimen. Results reveal that the SMPC exhibits a higher storage modulus than that of a pure SMP. At/above T g , the shape recovery ratio of the SMPC upon bending is above 90%. The shape recovery properties of the SMPC become relatively stable after some packaging/deployment cycles. Additionally, fiber microbuckling is the primary mechanism for obtaining a large strain in the bending of the SMPC. Moreover, an SMPC hinge has been fabricated, and a prototype of a solar array actuated by the SMPC hinge has been successfully deployed.
Introduction
Smart materials have attracted much interest in recent years. Their applications cover non-destructive evaluation [1] , dynamics control [2] , and shape control, etc. Shape memory polymers (SMPs) are one candidate actuation material in the field of shape control. They are able to recover their original shape upon applying an external stimulus [3, 4] , such as heat [5, 6] , light [7] , and moisture [8] [9] [10] . Among these SMPs, the thermo-responsive SMP is common. As shown as figure 1, the general thermomechanical cycle of a thermo-responsive SMP consists of the following steps [11, 12] . (1) Fabricate the SMP into a shape (original shape); (2) heat and deform the SMP above T g by applying an external force, cool well below T g , remove the constraint and then get the temporary pre-deformed shape (storage); (3) heat the pre-deformed SMP above T g , and then the SMP recovers towards the original shape (recovery).
An SMP shows very good shape recoverability, easy shaping procedure, low density and cost, and easy control of the recovery temperature [3, 4] . However, pure SMPs are not suitable for many practical applications that require particular functions (e.g., high strength, high recovery force, and good electrical conductivity). Therefore, shape-memory polymer composites (SMPCs) filled with particles (e.g., carbon black [13] [14] [15] , carbon nanotubes [16, 17] , Ni [18, 19] , Fe 3 O 4 [20] , SiC [21] , short fibers or continuous fibers [22] [23] [24] [25] ) have been studied to meet the various requirements in practical applications. In general, an SMPC filled with particles or short fibers develops some particular functions, such as electrical conductivity [13] [14] [15] [16] [17] [18] [19] , magnetic-responsive performances [20] , and high stiffness in the micro scale [21] . However, the improvement in mechanical properties is quite limited [13] [14] [15] [16] [17] [18] [19] [20] [21] , so an SMPC filled with particles or short fibers could not be used as a structural material due to the low strength and stiffness. By contrast, a continuous-fiber reinforced SMPC represents excellent mechanical properties [22] [23] [24] [25] . As both a functional and structural material, continuous-fiber reinforced SMPC shows good potential in many advanced applications. When a fiber reinforced SMPC is used as an actuator material, there are no moving parts. Therefore, this type of SMPC has caused substantial interest in deployable structures such as deployable antennae, trusses and solar arrays in the space industry and other applications.
In this paper, a new type of fiber reinforced thermoset styrene-based shape-memory polymer composite (SMPC) is developed.
The main objective is to systematically characterize the shape recovery properties of the SMPC, which is a foundation for SMPCs used in deployable structures. Our focuses include the basic mechanical performances, shape recovery performances, microstructural deformation mechanisms and its application in a deployable hinge.
Experimental methods
The polymer matrix used in the current study is a thermoset styrene-based SMP resin (CRG Industries, Veriflex ® ). The SMP resin includes two parts: resin and curing agent. When curing, the resin and curing agent is mixed in the weight ratio 28:1. The SMPC specimen and SMPC hinge are reinforced by T300 carbon fiber plain-weave fabrics. The composite is fabricated by the standard fabrication techniques for fiber reinforced composite: curing of a preimpregnated fabric. The SMPC was reinforced by three-ply plain weaves. It was cured at 75
• C for 48 h, under a pressure of 0.7 MPa. When cured, the thickness of the SMPC specimen is around 3 mm. For comparison, a pure SMP specimen was cured under the same conditions as those for the SMPC.
In order to investigate the basic performances of the pure SMP and SMPC at different temperatures, a dynamic mechanical analyzer (DMA: NETZSCH, DMA242C) was used to determine the storage modulus and tangent delta. Three-point bending mode was applied with a span of 40 mm. The dimensions of the specimens were 50 mm×9 mm×3 mm. The scanning range of temperature was 0-120
• C at a heating rate of 2
• C min −1 and a frequency of 1 Hz. Moreover, in order to investigate the shape recovery performances of the SMPC, a shape recovery test upon bending of the SMPC specimen was performed in a water bath. In addition, to determine the microstructural mechanisms of the SMPC under bending deformation, an optical microscope (ZEISS MC80DX) was used to observe the microstructural deformation after the shape recovery tests. Finally, a hinge made of SMPC was manufactured, and then we performed a deployment experiment of a prototype of a solar array actuated by the SMPC hinge.
Experimental results and discussions

Dynamic mechanical analysis
The DMA test shows storage modulus and tangent delta versus temperature for the pure SMP and SMPC (figure 2). According to the curves of storage modulus, it is clear that the SMPC has a higher storage modulus than that of pure SMP within the range of 0-80
• C. The storage modulus of the SMPC falls apparently within the glass transition region of about 40-80
• C, namely T g − 20
• C to T g + 20
• C. The peak value of tangent delta is defined as T g . Hence, the T g value of the pure SMP and SMPC is found to be about 54
• C and 64
• C, respectively.
Shape recovery performance
For practical application of the SMPC, its shape recovery performance is extremely important. Therefore, a systematic 
• C, where T g is about 64
• C).
shape recovery test of SMPC specimens upon bending was performed. The procedure for the thermomechanical bending cycling of the SMPC includes the following steps (see figure 3 ): (1) the specimen in its original shape is kept in a water bath for 5 min at T g + 20 • C; (2) the SMPC is bent to a storage angle θ 0 around a mandrel with the radius of 2 mm in the soft rubbery state, and then the SMPC is kept in cool water with the external constraint to 'freeze' the elastic deformation energy for 5 min (storage); (3) the SMPC specimen fixed on the apparatus is immersed into another water bath at an elevated temperature, and then it recovers to an angle θ N (recovery). The method used to quantify the precision of deployment is illustrated in figure 3 , where r denotes the radius of the mandrel, t represents the thickness of the SMPC specimen, θ 0 is the original storage angle of the specimen in the storage state during the first bending cycle, and S(x 0 , y 0 ) is a point selected to determine θ 0 . θ N is the residual angle in the recovery state during the Nth thermomechanical bending cycle (N = 1, 2, 3, . . .). R(x N , y N ) is a testing point in order to calculate θ N :
The value of the shape recovery ratio is calculated by
where R N denotes the shape recovery ratio of the Nth thermomechanical bending cycle. S(x 0 , y 0 ) and R(x N , y N ) are measured by a vernier caliper with a resolution of 0.01 mm. Finally, θ N and R N are obtained through equations (1) and (2) . In the following tests, the radius r of the mandrel and thickness t of SMPC specimen are 2 mm and 3 mm, respectively.
Shape recovery performance at various ambient temperatures.
In order to investigate the shape recovery velocity and shape recovery ratio R 1 of the SMPC at different temperatures, testing of the recovery angle versus time was conducted at different temperatures, namely T g − 20
The pre-deformed temperature of the SMPC was set as T g of the SMPC (64
• C). The original storage angle θ 0 was selected as 180
• . Figure 4 shows the relationship between recovery angle and time of four different SMPC specimens at various ambient temperatures. At/above the temperature T g , associated with a fast glass transition and strain energy dissipation of the SMP, the SMPC specimens deploy quickly within the initial 30 s, and then the deployment velocity drop quickly due to the termination of energy dissipation. Below T g , the SMPC specimens deploy very slowly due to the partial glass transition and energy dissipation of the SMP. In addition, based on figure 4, a shape recovery ratio R 1 is defined (see figure 5) where the residual angle θ 1 is selected at the 140th second in the first deformation cycle (N = 1). As shown in figure 5, at/above the temperature T g , the shape recovery ratio remains relatively stable, which corresponds to the full glass transition above T g of the SMP. Moreover, the shape recovery behavior can also be observed within the range of T g − 20
• C and T g , which is associated with the partial glass transition (see figure 2) . However, the shape recovery ratio drops sharply when the ambient temperature decreases to T g − 20
• C. The shape recovery effect cannot be released below an ambient temperature of T g − 20
• C.
Shape recovery ratio upon bending cycling.
In order to evaluate the degradation of deployment, the shape recovery ratio R N corresponding to the number of bending cycles N was tested at a original bending angle θ 0 = 180
• C (see figure 6 ). It shows that the recovery ratio R N decreases from 96% to 91% during the first 50 bending cycles. The shape recovery ratio becomes relatively stable after the 30th bending cycle, and remains at approximately 90%. In addition, for the deployment process, the SMPC deployed within approximately 2 min; the recovery velocity in the first 30 s is relatively high (see figure 4) . In conclusion, the shape recovery ratio under bending is high at/above T g , while the shape-memory effect can also be observed below T g but still within the region of the glass transition, although the shape recovery ratio is low. The stability of the shape recovery properties of the SMPC depends strongly on the number of thermomechanical cycles. Upon bending cycling, the total instant reversible strain deteriorates, and becomes relatively stable after sufficient numbers of packaging/deployment cycles, which contributes to the training effect of the materials. 
Residual angles under the condition of different
Microscopic observation of the microstructural deformation mechanism in the shape recovery process
During the macroscopic shape recovery process, the shape recovery performance of the SMPC is determined not only by the shape-memory effect of the SMP but also by the microstructural deformation mechanism of the fiber and the SMP. Hence, a microscopic observation was conducted for the SMPC specimen during the shape recovery process. As is well known, the tensile stiffness of carbon fiber is much higher than its compressive stiffness and the stiffness of the SMP matrix. Thus, we assume that, upon applying a bending force on the SMPC specimen, the neutral axis of the bent specimen moves from the middle plane towards the outer surface where the fibers are in a tensile stress state. As a result, all the other fibers except for those on the outer surface are in the compressive stress state [23] . Consequently, the traditional assumptions in simple beam theory can be applied here. Based on the assumption of the linear distribution of the compressive strains along the thickness of the specimen, one has
where r denotes the radius of the mandrel, t represents the thickness of the specimen (see figure 3) and ε is the maximum strain on the inner surface. The microstructure, particularly with respect to the fiber microbuckling of the specimen, was observed with an optical microscope when 50 thermomechanical cycles were finished. In addition, the traditional fiber reinforced laminate can be bent to an r/t value on the order of 100 (ε ≈ 1%), while the SMPC laminate in this study was bent to extremely large deformation with a small r/t value (0.667) to evaluate the shape recovery performances and observe fiber microbuckling. We aim to investigate the microstructural mechanism of SMPC specimens under large deformation upon bending in the thermomechanical cycles (see figure 3) . The microstructure of the SMPC specimens was observed in three shapes after 50 thermomechanical cycles (N = 50), namely the original shape before bending ( figure 8(a) ), the storage shape with the original storage angle θ 0 = 180
• ( figure 8(b) ), and the recovery shape θ 50 ≈ 16
• ( figure 8(c) ). In addition, for comparison, we investigated the microstructure of an SMPC specimen upon bending after a static three-point bending test at room temperature ( figure 8(d) ).
Figure 8(a) shows an optical microscopic image of an SMPC specimen in a side-view right after fabrication without deformation. Before applying the bending force, the bonding among transverse fibers, longitudinal fibers and the SMP matrix is pretty good, namely there is no failure or delamination in the composite. Figure 8 (b) reveals fiber microbuckling at the original storage angle θ 0 = 180
• . A large delamination gap can be observed between the transverse fiber tow and the longitudinal fiber tow. The sine shape of microbuckling of the transverse fiber tow can also be observed. Figure 8(c) shows the recovered configuration of fiber microbuckling at the same location as figure 8(b) . A small recovered delaminate gap can also be observed between the transverse fiber tow and the longitudinal fiber tow. Figure 8(d) presents the buckled fracture of the transverse fiber tow after a static three-point bending test at room temperature (T g −40
• C). It is clear that the buckling fracture of transverse fiber tow occurs on the inner surface beyond the compressive strain limit of the fiber.
In the thermomechanical cycle of pre-deformation and shape recovery stage (T T g ), the stiffness of the SMP matrix was low enough to provide mobility for fibers to avoid the extreme local strain/stress and permanent fiber buckling failure. Due to the microbuckling of the fiber and the SMP, only fiber microbuckling but no fiber fracture was observed during the thermomechanical cycles. In addition, based on equation (3), the maximum theoretical strain on the inner surface of the bent SMPC specimen is calculated as ε = 150%, where the thickness t of the specimen and radius r of mandrel are 3 mm and 2 mm, respectively. As is well known, the strain limit ε limit of carbon fiber is 0.5-1%. Therefore, it is obvious that the SMPC specimen achieves a much higher strain than the strain limit of the carbon fiber associated with the microbuckling of the fiber and the SMP. By contrast, at T T g − 40 • C, due to the relatively high stiffness of the SMP matrix, the mobility of the buckled fiber in the high compressive strain state is limited by the strong constraint of the SMP matrix, which leads to a brittle fracture of the transverse fiber. Consequently, both fiber fracture and microbuckling were observed in the static three-point bending test at room temperature.
SMPC materials are similar to traditional fiber reinforced composites except for the use of a thermoset styrene-based shape-memory resin that enables much higher packaging strains than traditional composites without damage to the fibers or the resin. This high strain capacity can lead to SMPC component designs that can be packaged more compactly than designs made with other materials. In order to achieve high package strain and avoid fiber failure in the storage state, fiber microbuckling is needed. With microbuckling, SMPC materials are suited for use in deployable space structure components because of their high strain-to-failure capability [23] [24] [25] . It should also be noticed that buckling and delamination in composites will unavoidably reduce the mechanical properties of SMPCs, which will be discussed in detail in our future study.
SMPC hinge
Using the SMPC, we designed an SMPC hinge, and then actuated a prototype of a solar array using this SMPC hinge. The SMPC hinge consists of two curved circular SMPC shells. The length of each curved SMPC laminate is 100 mm. The radius of the circular SMPC laminate is 12.5 mm, with a thickness of 3 mm. The weight is 14.5 g for each piece of SMPC laminate. Figure 9 shows the deployment process of the SMPC hinge. An voltage of 20 V is applied on the embedded resistor heater in each circular laminate with a current of about 0.8 A. Hence, the total power of the hinge with two circular laminates is about 32 W. The temperature of the SMPC hinge remains at about 80
• C after heating for 30 s. The original Figure 11 . Shape recovery process of a prototype of a solar array actuated by an SMPC hinge.
storage angle of the SMPC hinge in storage state is about 140
• . The whole deployment process takes about 100 s. As shown in figure 10 , the deployment velocity of the hinge in the medium stage is relatively higher than those in the initial and final stages. The deployment ratio approaches approximately 100%. Figure 11 shows a deployment process of a prototype of a solar array which is actuated by an SMPC hinge. Heated by a voltage of 20 V, the SMPC hinge was bent to a original storage angle 90
• upon applying an external force at a relatively soft state above T g of the SMPC. After fixing the storage shape at room temperature, the SMPC hinge was heated again by applying the same voltage. The prototype of the solar array, actuated by the SMPC hinge, deployed from 90
• to ∼0
• in approximately 80 s.
Conclusions
In this paper, the performance of a carbon fiber fabric reinforced composite based on a styrene-based SMP is investigated. It may be concluded that: (1) the SMPC presents a higher storage modulus than those of pure SMPs; (2) the shape recovery ratio of the SMPC is above 90% at/above T g , while it drops sharply below T g . The shape recovery properties of the SMPC depend strongly on the number of thermomechanical cycles, and they become relatively stable after some packaging/deployment cycles; (3) microbuckling is the primary mechanism in the bending deformation of SMPC, which provides a higher bending strain than that in a traditional structural composite; (4) a hinge made of the SMPC can be fabricated, and a full shape recovery can be achieved in about 2 min. Moreover, a prototype of a solar array actuated by such an SMPC hinge deploys successfully in 80 s.
